Abstract: Leukocyte migration is a key event in the inflammatory response to tumors. The tumor releases specific chemokines that control migration of leukocytes and functions of these cells after their arrival at the tumor site. In addition to these local changes in the tumor microenvironment, the host response to malignant solid tumors also gives rise to systemic effects, the most frequent of which are leukocytosis, neutrophilia and lymphopenia. These hematological findings are significantly correlated with advanced tumor stage and, therefore, poor disease prognosis. The ratio of neutrophil and lymphocyte counts has been suggested as a simple parameter of systemic inflammation in cancer patients. An elevated neutrophil to lymphocyte ratio has been shown to be an independent prognostic factor for cancers at various different sites, suggesting that this parameter is a clinically accessible and useful biomarker for patient survival. The effect of tumor development on circulating leukocyte number has not been clarified. One proposed mechanism is that tumor cells produce soluble factors such as granulocyte colony stimulating factor, which mobilize precursor cells in the bone marrow, or other mediators that alter cell differentiation. Leukocyte counts may be readily obtained at the time of diagnosis, and these data could be useful as stratification factors in clinical trials and in identifying patients with poor prognosis, leading to better treatment strategies.
The migratory capacity of leukocytes is critical to their role as defense cells. Once activated, neutrophils are able to phagocytose, to release granular lytic enzymes and antimicrobial polypeptides into the phagolysosome, and to generate large amounts of reactive oxygen and nitrogen species, such as hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO), which are key mediators of the microbicidal activity of leukocytes [1, 5] .
In patients with AIDS, antiretroviral drugs increase the neutrophil and monocyte migration activity and thereby reduce the incidence of infections [6] . In septic patients, a reduced neutrophil migration is observed compared to healthy volunteers, and migration is lowest in the group of non-survivor patients, suggesting that this dysfunction could contribute to the prognosis of the disease [7] .
LEUKOCYTE MIGRATION IN CANCER
Infiltrating inflammatory cells play a role in the progression and spread of tumors [2, 8] . By the release of specific chemokines, the tumor microenvironment controls leukocyte migration and other functions of these cells after their arrival at the tumor site. The autocrine production of chemokines by tumor cells attracts inflammatory cells such as monocytes and neutrophils and increases their survival, proliferation and dissemination [8] . The inflammatory component of a developing tumor may include a diverse leukocyte population including neutrophils, dendritic cells, macrophages, eosinophils, mast cells and lymphocytes, all of which are capable of producing a wide variety of mediators [9] . However, macrophages and lymphocytes are the most common cell types found infiltrated in the stroma and in neoplastic fluids [10, 11] . These cells are attracted by specific chemokines such as MCP-1 and regulated upon activation, normal T-cell expressed, and secreted (RANTES). The relationship between elevated MCP-1 and RANTES expression and the presence of tumor-associated macrophages is evident in breast cancer [12] and in cervical cancer [13] . Clinical studies have demonstrated a correlation between the elevated number of infiltrated macrophages and poor prognosis for breast, prostate, ovarian, cervical, endometrial, esophageal and bladder cancers [14] .
The infiltrating inflammatory cells have pleiotropic functions: inhibition of tumor growth by non-specific cytotoxic mechanisms and induction of cell lysis, or conversely promotion of tumor development through the release of inflammatory mediators [15] . Pro-inflammatory cytokines promote the migration, differentiation and activity of antigen-presenting cells and may favorably affect survival of cancer patients [13] . Tumor-infiltrating leukocytes can produce vascular endothelial growth factor (VEGF), IL-8 and matrix metalloproteinases that mediate tumor invasion and angiogenesis [16] .
Also, prostaglandins and NO, produced by cyclooxygenase-2 and inducible NO synthase respectively, influence human tumor development [17] . NO is consistently detected at nanomolar concentrations in the tumor microenvironment and has been found to promote tumorigenesis [18] . The factors that determine the outcome of these competing effects of the inflammatory response during tumor development are still not yet defined [15] .
The host response to malignant tumors comprises not only local changes in tumor microenvironment, but also systemic effects. In terms of inflammatory response, neoplasia is a paradox. Tumors produce chemokines that recruit leukocytes, but a deficient inflammatory response is evident at sites remote from the tumor [8, 19] . Circulating chemokines could desensitize leukocytes to migratory stimuli or, alternatively, the tumor may produce antiinflammatory mediators. Therefore, a systemic deficiency in inflammatory response could coexist with continued leukocyte recruitment to the tumor site [8] .
ALTERATIONS IN LEUKOCYTE COUNTS IN CANCER PATIENTS
The most frequent systemic alterations detected in patients with malignant solid tumors are leukocytosis and neutrophilia. These hematological conditions are significantly correlated with advanced disease and, consequently, with poor prognosis [20] . Leukocytosis is a condition often encountered in a clinical setting, usually caused by an increase in the number of neutrophils, which represent 50 to 60% of total leukocytes. Etiologically, leukocytosis is a primary pathological condition affecting the white blood cells, but it frequently arises as a reaction to infection, chronic inflammation and cancer [20] .
Neutrophilia was found to be an independent prognostic factor, associated with reduced survival in human metastatic melanoma, pancreatic carcinoma, and renal carcinoma [16, 21, 22] . A high pretreatment count of neutrophils in blood was confirmed as an independent prognostic factor for short overall survival in stage IV melanoma patients undergoing interleukin-2 immunotherapy. Furthermore, a high overall leukocyte count was a predictor of short overall survival. Since immunotherapy with cytokines induces adverse effects in almost every patient, it is important to avoid treating patients who are predicted not to benefit from the treatment [23] .
Baseline elevated leukocyte count in peripheral blood was associated with poor survival in patients with advanced non-small cell lung cancer treated with chemotherapy regimens consisting of cisplatin and gemcitabine. After performance status, leukocyte count was a strong prognostic factor of survival in non-small cell lung cancer patients [24] .
An inverse association between lymphocyte count and cancer mortality was found in a study consisting of 8447 participants of both genders in a physical check-up program in Taiwan from 1995 to 1997. A lower lymphocyte count was associated with increased cancer mortality, especially from hepatoma [25] . In patients with advanced pancreatic carcinoma, the major immunological change found was the reduction of total lymphocytes in blood, and this was associated with disease progression [21] . It was reported that clinical improvement in cancer patients was associated with a lymphocyte count that exceeded 10% of total leukocytes [26] .
The relationship between lymphocyte count and the clinical response to chemotherapy was evaluated in lung, colorectal, breast and prostate cancer patients. Independent of tumor histotype and chemotherapeutic regimen, the mean number of lymphocytes was significantly decreased in patients with progressive disease following chemotherapy. Conversely, lymphocytosis occurred in patients who achieved an objective tumor regression in response to chemotherapy, and lymphocyte count at the end of treatment was significantly higher than values seen before the onset of treatment. A possible mechanism for this increase in lymphocyte count may be modulation of the cytokine network by chemotherapy, that corrects elevated endogenous production of immunosuppressive cytokines [27] . In patients with locally advanced cervical carcinoma, univariate and multivariate analysis showed that a greater baseline lymphocyte count was the best predictor of a complete clinical response and progression-free survival after chemoradiation [28] . A study of patients with metastatic renal carcinoma during immunotherapy with interleukin-2 and interferon-alpha showed that changes from baseline in the total lymphocyte counts 4 weeks after treatment were significantly higher in the responding patients than in the non-responding patients, whereas no difference was observed in eosinophil counts [29] .
An accumulation of immature or defective circulating leukocytes could facilitate a systemic immune dysfunction, while the presence of those cells at the tumor site could facilitate tumor growth. In several cancers -breast, prostate and glioma -it was found that systemic distribution of immature dendritic cells was more evident in patients with advanced disease [30] . Dendritic cells are antigen presenting-cells that are potent initiators of a primary immune response. They originate from bone marrow progenitors, which circulate in peripheral blood and subsequently give rise to immature dendritic cells that reside in peripheral tissues [31] .
ALTERATIONS IN THE NEUTROPHIL AND LYMPHOCYTE RATIO IN CANCER PATIENTS
The ratio of neutrophil to lymphocyte counts (NLR) has been suggested as a simple measure of systemic inflammation and stress in critically ill cancer patients. In a prospective longitudinal observational study to investigate serial changes in circulating neutrophil and lymphocyte counts in sepsis following major unscheduled surgery it was shown that there is a correlation between the severity of clinical course and the grade of neutrophilia and lymphocytopenia. Thus, the NLR was proposed as an easily measurable parameter to be used routinely in intensive care units to indicate the severity of affliction [26] .
In patients with early gastric cancer, e.g. -stage Iprognosis correlated well with the NLR, but not with the total number of white blood cells, in that death was significantly more frequent among patients with an elevated NLR (>2) [32] . In patients with advanced gastric cancer an NLR >2.5 was considered an independent prognostic factor, providing a clinically accessible and useful biomarker for patient survival [33] . In a study of gender-related differences in the effect of gastrectomy on the NLR, females showed a significantly greater increase in the proportion of neutrophils compared to preoperative values, a larger decrease in lymphocytes and monocytes, and higher NLR values than males. These findings indicate that women showed more immune-compromised response to gastrectomy than men [34] .
A univariate analysis of human colorectal cancer showed that patients with pre-operative NLR 5 had reduced overall and cancer-specific survival compared to those with NLR <5 [35] . A prospective study evaluating the NLR on the first day after elective colorectal resection demonstrated that an NLR >9.3 was associated with an increased risk of complications, allowing targeted preventive measures [36] . In patients undergoing resection for colorectal liver metastasis, an elevated NLR ( 5) increased both the risk of death and the risk of recurrence: thus a preoperative NLR measurement may provide a simple method to identify patients with a poor prognosis. Univariate analysis showed elevated NLR to be the sole positive predictor of recurrence [37] .
Recent data provide evidence for an association between elevated NLR and ovarian cancer. Preoperative NLR in epithelial ovarian cancer subjects was significantly higher than the NLR in subjects with benign ovarian tumors or benign gynecologic disease or in healthy controls. The sensitivity and specificity of NLR in detecting ovarian cancer was determined to be 66.1% and 82.7%, respectively. Cox multivariate analysis showed that elevated NLR was the most powerful predictive indicator of an adverse outcome in ovarian cancer [38] .
In a study of cervical cancer, alterations were detected in both the number and function of circulating neutrophils from patients with invasive cancer compared with patients at the pre-and micro-invasive stages and a control group consisting of healthy volunteers. A clear association was found between neutrophilia and advanced stage cervical cancer. An NLR >5 was present in most patients with advanced stage disease but in none of the pre-invasive stage patients [19] . An earlier study reported higher leukocyte counts in patients with cervical intraepithelial neoplasia grade 3 than in the control group [39] . This study and others show that elevated NLR in invasive cervical cancer is a consequence not only of neutrophilia but also of reduced lymphocyte count [40] .
It remains to be established whether changes in leukocyte counts or in the neutrophil to lymphocyte ratio are a secondary phenomenon of prognostic relevance only, or reflect fundamental mechanistic events occurring in the endstages of tumor progression with implications for the survival of patients. Considering that some of these alterations are found in patients with early-stage cancer such as stage I gastric cancer [32] and grade 3 cervical intraepithelial neoplasia [39] , a role for systemic leukocyte alterations in tumor progression cannot be ruled out.
MECHANISMS INVOLVED IN LEUKOCYTE ALTERATIONS IN CANCER PATIENTS
An intriguing question in cancer biology is how tumor development contributes to alterations in the number of circulating leukocytes (Fig. 1) . One possible mechanism is the production of soluble factors such as granulocyte and macrophage colony stimulating factor (GM-CSF) by tumor cells, capable of mobilizing precursors in the bone marrow; or vascular endothelial growth factor (VEGF) and interleukin-6, both of which alter cell differentiation [30] . It was demonstrated that G-CSF and M-CSF are produced constitutively in murine mammary carcinoma cells, and that these factors act synergistically to stimulate granulocytes in vitro; this synergism may play a role in the marked granulocytosis observed in tumor-bearing animals [41] .
In a 77-year-old patient with gastric cancer, immunohistochemical analysis demonstrated G-CSF expression in the advanced-stage, poorly differentiated adenocarcinoma, but not in the early-stage, well differentiated adenocarcinoma. The expression of G-CSF was accompanied by a change in leukocyte count from normal to marked leukocytosis by the advanced stage of disease [42] . Increased expression of G-CSF was found in a resected specimen from a patient with pancreatic cancer and the resulting increased serum level of G-CSF was accompanied by severe leukocytosis [43] . Primary pulmonary carcinoma was also reported to produce both G-CSF and parathyroid hormonerelated peptide, causing leukocytosis, hypercalcemia and IL-6 production from the bone [44] .
White blood cell count has been suggested as an indicator of disease activity to be closely monitored in patients with G-CSF-producing renal cell carcinoma. In one study, the production of G-CSF was revealed by positive immunohistochemical staining of the tumor tissue using anti-G-CSF antibody. It was observed that G-CSF contributed to leukocytosis, and both the serum G-CSF level and the white blood cell count correlated with tumor growth [45] . Marked leukocytosis, consisting primarily of mature granulocytes was also observed in a case of advanced stage G-CSFproducing squamous cell carcinoma of the cervix. After radiation therapy, white blood cell count returned to a normal level, accompanied by reduced serum levels of G-CSF [46] .
Pronounced neutrophilia is a manifestation of the strong host immune response elicited by photodynamic therapy of tumors. The cause of this neutrophilia was shown to be complement activation, which triggers the release of complement factors and at least a dozen secondary mediators including tumor necrosis factor-, IL-1 , IL-6, IL-10, G-CSF, prostaglandins and leukotrienes [47] . Another study showed that circulating neutrophils are persistently higher in mice deficient in the small GTPase Rac2 than in wild-type mice. Experiments using Rac2 -/-and wild type cells suggested that Rac2 in hematopoietic cells regulates leukocyte lineage distribution and Rac2 in nonhematopoietic cells might contribute to regulating circulating neutrophil counts [48] .
Lymphocyte depletion with consequent depression of innate cellular immunity is a severe clinical problem that can develop during cancer progression and cytoreductive therapies. Lymphopenia results from tumor-induced mechanisms that include impairment of antigen presentation, activation of negative costimulatory signals, and production of immunosuppressive factors, resulting in a marked decrease in T-helper lymphocytes [35, 49] . In addition, cancer cells may promote the expansion and recruitment of regulatory cell populations that contribute to the immunosuppressive network; these populations include regulatory T cells (Tregs), myeloid suppressor cells and distinct subsets of immature regulatory dendritic cells. Production of immunosuppressive mediators such as IL-10, NO and transforming growth factor-by tumor cells may also be responsible for evasion of immune surveillance; reduced production of these mediators restored a lymphoproliferative response [49] . Numerous strategies have been employed to induce a systemic anti-tumor immune response, including the adoptive transfer of cytolytic T cells and dendritic cell vaccination. However, these have demonstrated limited clinical success. Other investigators have induced the innate immune system to stimulate an anti-tumor response. The thymic pathway is commonly compromised in adults recovering from lymphopenia. As a result, T cells must rely upon peripheral expansion to restore cell numbers, through the stimulation of high cytokine levels [50] .
CONCLUDING REMARKS
Patients with malignant solid tumors often develop paraneoplastic syndromes such as leukocytosis and neutrophilia, accompanied by an increased neutrophil to lymphocyte ratio. These conditions have proved to be useful predictors of response to treatment and survival, and have been proposed as independent prognostic factors. Thus these parameters could be useful as stratification factors in clinical trials and to identify patients with a poor prognosis prior to surgery. Results can be obtained from data already routinely available, without additional costs. Further understanding of the mechanisms giving rise to these conditions may contribute to the development of new therapeutic strategies in cancer and could benefit disease prognosis. 
